Antineutrino detectors operated close to a compact reactor core can provide excellent sensitivity to short-baseline oscillation effects by precisely measuring any relative distortion of the νe spectrum as a function of both energy and baseline. Such a measurement can be performed in the United States at several highly-enriched uranium fueled research reactors using near-surface segmented scintillator detectors. We describe here the preliminary conceptual design and oscillation physics potential of the PROSPECT experiment, a U.S.-based, multi-phase, 2-detector experiment with reactor-detector baselines of 4-20 meters capable of excluding a majority of the suggested sterile neutrino oscillation parameter space at high confidence level. Additional goals, such as precise measurement of the νe spectrum from a highly-enriched uranium core and the development of detection techniques and technology for reactor monitoring applications are discussed, as well as research and development work necessary for these efforts.
I. INTRODUCTION
Reactor antineutrino experiments have played an important role throughout the history of neutrino physics and led to many of the key discoveries in the field. The existence of the neutrino was first experimentally confirmed by observing reactor antineutrinos at Savannah River [1] . More recently, the KamLAND, Daya Bay, RENO, and Double Chooz experiments have observed disappearance of reactor antineutrinos and provided precise measurements of the oscillation parameters θ 12 , θ 13 , ∆m [2] [3] [4] [5] [6] . These latter results, together with atmospheric, solar and accelerator experiments, provide a coherent picture of neutrino mixing between the three Standard Model neutrino flavors.
However, anomalous results from a variety of shortbaseline experiments do not fit this framework and have challenged the global 3-flavor interpretation of neutrino and antineutrino data. This includes anomalous event excesses in ν e and ν e appearance channels [7, 8] , rate deficits observed in solar neutrino detector calibrations with high-intensity ν e sources [9] , and preference for more than three relativistic degrees of freedom in astrophysical surveys [10, 11] . Recently, improved reactor antineutrino flux predictions have resulted in an increase in the predicted interaction rate of ∼ 3.5% [12, 13] . When combined with experimental data at baselines between 10-100 m these recent calculations suggest a ∼5.7% difference between the measured and predicted reactor antineutrino flux [14] .
This "reactor anomaly" can be interpreted as a sign of new neutrino physics or may indicate as-yetundetermined imperfections in the reactor flux predictions. It has been suggested that such a deficit may be the signature of additional sterile neutrino states with mass splittings of the order of ∼ 1 eV 2 [9] . Additional sterile neutrino mass states with ∆m 2 ∼ 1 eV 2 beyond the 3 active neutrinos would yield an oscillation effect for reactor ν e traveling over meter-long baselines. Experiments capable of testing the suggested oscillation at high statistical significance are necessary to definitively address the sterile neutrino hypothesis [15] .
Current km-scale reactor experiments, while highly precise, cannot easily probe oscillation lengths of this order [3, 5, 16] . At these baselines any oscillation effect due to potential sterile states is averaged by finite detector resolution to yield an effective rate deficit. In addition, most of these experiments are limited by contributions from multiple spatially-extended reactor cores, which further suppresses any oscillation, as well as an inability to measure backgrounds without the presence of reactor ν e . A new experiment at very short baselines in a controlled research environment is needed to fully disentangle reactor flux and spectrum uncertainties from possible sterile neutrino oscillations and other effects.
One experimental approach [15, 17] is to measure the reactor ν e flux and spectrum from reactors at distances comparable to the expected sterile neutrino oscillation length of O(3 m). A measurement of the ν e energy spectrum as a function of distance can be used to perform a definitive search for oscillations in the region suggested by global fits. However, at these short baselines, a detector's position resolution, energy resolution, and the finite dimensions of the reactor core become important. This motivates the use of segmented detectors in close proximity to reactors with compact cores of less than O(1 m) dimensions [18] . In the United States, these central experimental criteria can be met at several highly-enriched uranium (HEU) research reactor facilities. These facilities possess other advantageous features for an oscillation measurement that will be discussed further in Section II.
In addition to providing an oscillation search via relative measurement of spectral shape versus baseline, the experimental arrangement described above offers potential for other physics discoveries and applications development. The measurement of the absolute reactor neutrino spectrum from a HEU reactor could yield new information relevant to the reactor and nuclear physics communities. Direct comparison of the measured spectrum with that from reactor flux predictions can provide important constraints upon approximations used in those predictions. Comparison of the ν e flux and spectral measurements between HEU and conventional LEU reactors can test both flux predictions for isotopes other than 235 U and the accuracy of reactor evolution codes.
Until recently the principal driver of very-short baseline reactor experiments has been the development of antineutrino detectors for nuclear non-proliferation purposes [19, 20] . At short distances, non-proliferation efforts have demonstrated the feasibility of using ν e detectors to monitor the operational state and fuel cycle of commercial nuclear reactors [21, 22] , and have pursued the possibility of observing changes in the ν e energy spectrum over the course of the fuel cycle. Efforts continue to demonstrate this technique for a wider array of reactor types [23, 24] , detection methods [24] [25] [26] [27] and shielding overburdens [23, 24, 28] . The experimental effort described in this paper will advance these efforts through development of background rejection techniques, demonstration of near-surface antineutrino detection, and the ability to measure precise ν e spectra in compact detectors.
The experimental challenges involved in making a precise spectral measurement at short distances from a reactor appear tractable based on the recent experience of other reactor experiments and R&D efforts. The precise relative energy calibration and control of detector response systematics necessary for a relative oscillation measurement at multiple baselines have been welldemonstrated in recent successful multi-detector ν e experiments [3, 5] . The ability to reduce and reject inverse beta decay backgrounds in the absence of significant overburden is extremely challenging, but efforts incorporating particle identification techniques and optimized shielding designs suggest a path forward [26, [28] [29] [30] [31] [32] . Careful detector and shielding designs will be required to address these challenges, and can be validated by focused demonstrations at potential host reactor sites.
The National Institute of Standards and Technology (NIST) [33] , Oak Ridge National Laboratory (ORNL) [34] , and Idaho National Laboratory (INL) [35] operate powerful, highly compact research reactors and have identified potential sites for the deployment of compact ν e detectors at distances between 4-20 m from the reactor cores. By deploying multiple segmented scintillator antineutrino detectors at one of these three US-based reactor sites, the PROSPECT experiment offers a unique opportunity to search for ν e oscillations at very short baselines. A 5σ discovery is possible with 3 years of data taking. This note describes the PROSPECT experiment and its potential to definitely resolve one of the outstanding anomalies in neutrino physics, make a precision measurement of the ν e spectrum, and further develop the application of advanced scintillators and near-surface detectors to reactor monitoring and safeguards.
Section II will describe the advantageous features of research reactors as sites for precision oscillation experiments. Section III will outline the experimental strategy and physics potential of the PROSPECT experiment. Sections IV, V, and VI will present in more detail the potential reactor sites, proposed detector designs, and expected backgrounds, respectively. Finally, Section VII will provide an overview of current R&D activities.
II. RESEARCH REACTORS AS LABORATORIES FOR PRECISION STUDIES
The large antineutrino flux produced by nuclear power reactors has led to such sites being a preferred venue for reactor neutrino studies over the past two decades. However, research reactors operated by scientific organiza-tions and national laboratories possess many advantages for precision neutrino physics studies, especially at short baselines. While research reactors operate at lower powers than commercial plants, it is often possible to gain access to locations closer to the reactor core, partially compensating the reduction in flux. In addition, the geometry, core composition, and operations of research reactors offer unique advantages for a reactor experiment at very short baselines.
The primary feature of research reactors relevant to precision studies of short-baseline oscillations with a length scale of O(m) is the core geometry and composition. While research reactor core geometries can vary considerably depending upon their intended application, their spatial extent is of the order of 1 m and is less than that of all existing power reactors. Additionally, many research reactors use fuel that is comprised primarily of Highly Enriched Uranium (HEU). Unlike the Low Enriched Uranium (LEU) or Mixed Oxide (MOX) fuel used at power reactors, there is insufficient 238 U present in research reactor fuel to breed substantial amounts of Pu, in particular 239 Pu. Accordingly, essentially all antineutrinos emitted by HEU fueled research reactors derive from 235 U daughters, and the core fission fractions are constant throughout a reactor operational cycle. This is in contrast to the behavior of power reactors, where Pu breeding results in time-varying power contributions from 235 U, 239 Pu, and 241 Pu, and therefore time variation in the emitted antineutrino flux and spectrum. The near static character of research reactor antineutrino emissions is advantageous for precision studies since it substantially reduces the importance of complicated reactor evolution codes to predict fission fractions throughout the reactor cycle.
Unlike power reactors, research reactors operate frequent short cycles. The resulting reactor off periods provide important opportunities for background characterization. Since research reactor duty cycles are typically no greater than 70%, there is a substantial period of reactor outage time during which to obtain direct measurement of background at such facilities. These relatively long reactor-off periods, and the fact that spent fuel is often stored close to the reactor core raises the additional possibility that antineutrinos emitted by long lived isotopes in the spent fuel itself might be observed.
Research reactors typically maintain detailed neutronic core models that are used to predict neutron fluxes and power densities cycle-by-cycle. This is often important as irradiation experiments that are exchanged between cycles can have a large local effect on these parameters. These models and their outputs are typically available to all users of the facility. This is potentially important for a short-baseline reactor experiment, as the core power, and hence baseline, distribution may vary slightly cycle to cycle. The ease with which this important information can be accessed is in contrast to the situation at commercial plants where the core models are typically proprietary, and special arrangements must be made with the plant operator and/or fuel vendor.
III. EXPERIMENTAL STRATEGY AND PHYSICS REACH
The PROSPECT experiment will utilize the Inverse Beta Decay (IBD) reaction ν e + p → e + + n with a threshold of 1.8 MeV to measure the flux and energy spectrum of reactor ν e . The experiment's scintillator detectors should provide a proton-rich target with high detection efficiency and good energy resolution. Rejection of backgrounds can be achieved by time-coincidence and rejection of muon-correlated triggers, as well as by other previously demonstrated selection methods based on event topology and pulse shape discrimination.
The PROSPECT experiment consists of an O(1 m 3 )-sized near detector at distances of less than 10 m and an O(10 m 3 )-sized far detector at distances of 10-20 m. These detectors will consist of optically separated functionally identical sub-volumes to provide precise, reliable position resolution, consistent spectral response, and uniform background rejection capabilities. The possibility of using non-identical segment designs between near and far detectors is currently under investigation. Preliminary detector and reactor parameters are listed in Table I . A rendering of how the experiment can be configured at the NIST reactor site is shown in Fig. 1 . PROSPECT's experimental arrangement provides excellent sensitivity to neutrino oscillations over a broad range of mass splittings, and can additionally provide precision absolute spectral measurements of an HEU reactor core. a year long measurement with the near detector, and as described below, provides better than 3σ sensitivity to a broad range of oscillation parameters. Phase II consists of a three year run of both detectors, which extends the region of sensitivity and provides a conclusive test of a large portion of the oscillation parameter space at better than 5σ CL.
A. Sensitivity to Short-Baseline Oscillation
The sensitivity of a reactor experiment to neutrino oscillations is evaluated by comparing the detected energy spectrum to that expected in the absence of oscillation. One or more radially extended detectors with good position resolution allow a comparison as a function of baseline. The segmented near detector provides sensitivity to mass splittings of order 1-10 eV 2 . The far detector allows precise oscillation measurements below 1 eV 2 and the ability to observe multiple L/E oscillation periods. This increases overall sensitivity as well as enhancing the ability to distinguish between non-standard mixing models in the event that spectral distortion is observed.
The sensitivity of the proposed experiment to neutrino oscillations is evaluated by comparing the detected inverse beta decay prompt events T ij in energy bin i and position bin j to the expected events M ij in the absence of neutrino oscillations and in the presence of a background B ij . For the purposes of these calculations, T ij is taken as B ij plus an oscillated version of M ij . A χ 2 is used to test the hypothesis of no-oscillation and for oscillation parameter estimation in the case of either one or two additional sterile neutrino states, identically to that presented in Ref [18, 36] :
The χ 2 sum is minimized with respect to the relevant oscillation parameters and to the nuisance parameters {α, α j r , α i e , α b } characterizing the systematic uncertainties of the measurement, as described in [37] . These nuisance parameters represent the overall normalization, relative position normalization, uncorrelated energy spectrum, and background systematics. Associated bounding uncertainties of these systematics are {σ, σ r , σ b } = {100%, 0.5%, 10%}. The uncorrelated energy spectrum uncertainties σ i e follow the description given in [13] . An additional uncertainty σ b2b of 0.5% is added to the χ 2 to account for uncertainties in the position and energy distribution of backgrounds, which are not currently wellunderstood, and are likely to be uncorrelated between energy and position bins. A more pedagogical description of the χ 2 and its components is given in [18] . We note that in the 2-detector case, no special cancellation of detector systematics between near and far detectors has been assumed. The 3+1 neutrino model with one additional sterile neutrino state and a mass splitting of ∼1 eV 2 mass is frequently used in the literature to benchmark the sensitivity of new experiments to short-baseline oscillations [15] . In keeping with this convention, we present PROSPECT's sensitivity to 3+1 neutrino oscillations for one and two detectors. The short-baseline ν e survival probability associated with this oscillation is described by
with the oscillation amplitude sin 2 2θ ee = sin Fig. 2 shows oscillated L/E distributions assuming the existence of one sterile neutrino state for Phase I and Phase II of the experiment at two values of ∆m 2 . The measured L/E distributions include smearing from the finite experimental position reconstruction and the energy resolutions shown in Table I . As a second detector is added in Phase II, the L/E coverage increases from around 2-3 m/MeV to greater than 6 m/MeV. Table I are used. In the Phase II case, the far detector active target mass is 10× that of the near detector. Error bars display statistical uncertainties only.
This increase in L/E coverage in Phase II translates to an increase in the observable range of ∆m 2 values. In particular, at low ∆m 2 values, sensitivity is greatly improved as long oscillation wavelengths are resolved within the experiment's wider L/E coverage. At intermediate values of ∆m 2 , additional L/E coverage allows the detection of multiple neutrino oscillation periods, rather than a single or partial period. The additional reach in L/E increases the ability to distinguish any observed oscillation from the null hypothesis of no-oscillation. At high ∆m 2 , the total number of visible oscillation periods is also increased, although both the finite core size and experimental resolution tend to damp out the oscillation effect. The resultant increase in the sensitive range of ∆m 2 and θ 14 going from Phase I to Phase II is illustrated in Fig. 3 .
Oscillation sensitivity in the 3+1 case has been investigated for all of the candidate reactor sites, as shown in Fig. 4 . As will be discussed in Sec. IV, different near and far detector baselines are accessible at each site. These are incorporated into the sensitivity calculations, as is a consistent near and far detector size and geometry. Oscillation sensitivity is consistently high at all three reactor sites being considered, assuming similar background conditions at each site.
The increased range of L/E coverage in Phase II will provide significant constraints on any subdominant features in the oscillation pattern that could result from the existence of multiple eV-scale neutrinos or other nonstandard neutrino interactions. A detailed demonstration of the ability to probe 3+2 sterile neutrino oscillations, and to distinguish 3+1 and 3+2 mixing with Phase I and Phase II is presented in [36] . The current best-fit 3+2 and 1+3+1 best-fit parameter space [38] should be accessible with the full dataset from Phase II.
B. Measurement of the Reactor Antineutrino Spectrum
In addition to the relative oscillation measurement performed between detectors and segments, PROSPECT will also have the opportunity to perform a precision measurement of the ν e energy spectrum of a research reactor core. The research reactors being considered for this experiment are HEU-fueled and as such their antineutrino emissions arise almost exclusively from 235 U daughters. A precise 235 U spectrum measurement could provide significant additional physics reach. Due to incomplete nuclear data, reactor antineutrino flux predictions require a number of assumptions regarding the contributing fission daughter beta decays. While the final-state and nuclear corrections utilized in recent calculations are known with reasonable precision, the assumptions made regarding the character of the contributing beta decays may result in significant changes to the predicted reactor ν e normalization and spectrum [39] . It is not practical to measure the beta-decay shape of each isotope contributing to the reactor antineutrino spectrum. Instead, precise reactor spectrum measurements can probe these assumptions directly, indicate the magnitude of contributions from forbidden states, and improve our confidence in reactor antineutrino flux predictions. A spectral measurement of a single fissioning isotope could improve this effort by reducing dependence upon reactor evolution simulations.
A precise 235 U spectrum measurement could also be used in combination with LEU reactor measurements from experiments like Daya Bay [40] to provide a decomposition of the total antineutrino flux contributions from the various fissioning isotopes. This provides a crosscheck on existing reactor evolution simulation codes, could improve the sensitivity of medium baseline reactor ν e experiments, and is an important demonstration of the ability to use antineutrino measurements to extract reactor fissile inventory information without additional inputs like thermal power measurements.
C. Direct Measurement of Antineutrinos from Spent Fuel
During a small but significant percentage of time, the various research reactors are shut down for refueling and maintenance. During this time, while fission has largely ceased, beta decay of fission products continues in the spent fuel in the reactor, leading to production of "spent fuel" antineutrinos. The full Phase II data set will contain a sizable number of such events. The measurement of the spectra and rate of these neutrinos as a function of time can provide constraints on models describing antineutrino production in reactors, and would provide the first positive measurement of remote spent fuel detection for non-proliferation purposes [41] . At some of the candidate sites, antineutrinos created in spent fuel repositories adjacent to the main reactor core may also be statistically accessible. While spent nuclear fuel antineutrino statistics will be sizable for these reactor-off periods, excellent background reduction and characterization will be the key to making a statistically significant measurement with PROSPECT.
IV. RESEARCH REACTOR SITES IN THE U.S.
The Idaho National Laboratory (INL), Oak Ridge National Laboratory (ORNL), and National Institute of Standards and Technology (NIST) operate powerful, highly compact research reactors. Each of these sites have identified potential locations for the deployment of multiple compact antineutrino detectors at distances between 4 -25 m from the reactor cores. In this section we describe the characteristics of each of these facilities and how a short-baseline reactor oscillation experiment can be conducted. Each site has the potential to provide excellent sensitivity to the oscillation physics of interest. Further investigation will be required to determine which site will provide the optimum combination of accessibility, background, and sensitivity.
Reactor and site parameters relevant to a shortbaseline reactor oscillation experiment are summarized in Table II . The core dimensions of each of these reactors are compared in Fig. 5 . The diversity of shapes and sizes reflect the different functions that these facilities were designed for. The core shape combined with the physical layout of each facility determines the range of baselines that reactor-emitted ν e would traverse before reaching possible detector locations. This distribution of baselines is illustrated in Fig. 6 , utilizing the reactor and site information from Table II. These facilities operate on well-planned schedules, and their central mission is to provide high reliability to many users. While the details of these operating schedules differ from facility to facility based upon maintenance and refueling needs and resource constraints, the timeaveraged ν e flux at possible near detector locations is expected to be remarkably similar at each over the next several years (Fig. 7) .
A. The Advanced Test Reactor at INL
The Advanced Test Reactor (ATR) was designed to support a wide variety of materials and system investigations. The ATR design exploits a unique serpentine core configuration to offer a large number of in-core positions for testing (Fig. 5a ). The core is comprised of 40 HEU fuel assemblies, approximately one third of which are re- Relative Note that the the ATR and HFIR power distributions can change slightly from cycle-to-cycle depending upon the material begin irradiated within those cores, whereas, as a dedicated neutron source, the NIST power distribution is very similar cycle-to-cycle. Each reactor site has well established evolution codes to predict and track these distributions between and within reactors cycles.
placed after each cycle. The typical residency of an assembly in the core is 2-3 operating cycles. The operating power of ATR is in the range 110 − 120 MW th , although occasionally short cycles operate as high as 200 MW th . The operating power and core power distribution vary from cycle-to-cycle. The unique design of ATR permits large power variations among its nine flux traps using a combination of control cylinders (drums) and neck shim rods. Within bounds, the power level in each corner lobe of the reactor can be controlled independently during the same operating cycle. Following each cycle, as-run analyses based on in-core measurements and reactor simulations can provide more precise power estimates for each area of the reactor. ATR typically operates on a schedule with approximately 50-60 days at power then 15-30 days with the reactor off. There are a few exceptions to this schedule. Approximately every 2 years there is a 3-4 month outage and every 10 years a 6-8 month major outage in which internal core elements are replaced. The next such replacement outage is proposed for Apr.-Oct. 2017. ATR is scheduled to convert to LEU fuel, but this will be phased over several years and will not commence until at least 2020.
The top of the ATR reactor vessel is approximately at grade, while the center of the reactor core is located approximately 5.5 m below grade. Sub-basement levels of the facility contain potential antineutrino detector deployment locations, with access being provided by a large overhead crane, a freight elevator and wide corridors. Potential near detector locations have been identified in the first sub-basement of the ATR building. The floor of this level is 5.8 m below grade, placing it approximately inline with the core center. At least 3.3 m of concrete and 1 m of water lie between the reactor core and this location. The distance from the core center to the closest wall in this location could be as little as 7.9 m, while the center-to-center distance from the core to the nominal detector configuration discussed below is 9.6 m. While the location is below grade, the overburden is primarily provided by building structure including a concrete floor of ∼ 20 cm thickness and the exterior structure of the ATR building.
A potential far detector location has been identified in the second sub-basement of the ATR building. The floor of this level is 11.6 m below grade and at least 5.5 m of concrete and 1 m of water lie between the reactor core and this location. The center-to-center distance from the core to the nominal far detector configuration discussed below is 18.5 m. In this location overburden is primarily provided by building structure including two concrete floors of ∼ 40 cm total thickness and the exterior structure of the ATR building.
B. The High Flux Isotope Reactor at ORNL
The High Flux Isotope Reactor (HFIR) was designed to provide a very high neutron flux for irradiation and isotope production applications. Multiple locations exist in the reactor for performing sample or target irradiations, some of which can be accessed during reactor operation. The HFIR core design is very compact and comprises a single fuel assembly which has two annular fuel elements (Fig. 5c ). This assembly is replaced after each operating cycle.
HFIR operates at a consistent power of 85 MW th , with occasional operation at lower powers during the cycle startup phase. A reactivity control system maintains this power throughout the cycle, irrespective of the irradiation experiments being performed. Given this consistent operation, it is not typical to perform as-run reactor simulation analyses cycle by cycle, although a detailed Monte Carlo N-Particle (MCNP) model of the core is available for this purpose .
HFIR cycles last approximately 25 days with deviations from that average being less than 36 hours. At present, 6 cycles per year are scheduled, giving a duty cycle of ∼ 41%. Outages between cycles have at least 14 day duration.
A potential near detector deployment location has been identified ∼ 4 m above the reactor centerline with access being provided by large exterior doors. The distance from the core center to the closest wall in the possible near detector location is as little as 5.5 m, while the center-to-center distance from the core to the nominal detector configuration discussed below is 6.7 m. Overburden is provided only by the structure of the reactor building. A potential far detector location is located exterior to the reactor building approximately in-line with the core center that provides a range of baselines between 16-24 m.
C. The National Bureau of Standards Reactor at NIST
The National Bureau of Standards Reactor (NBSR) at NIST is a heavy water (D 2 O) cooled, moderated, and reflected, tank-type reactor that operates at a designed thermal power of 20 MW. It was first critical in December 1967, and is currently licensed until July 2029. The NBSR is fueled with high-enriched U 3 O 8 in an aluminum dispersion that is clad in aluminum. As with the other sites, NIST is scheduled to convert to LEU fuel, but this will be phased over several years and currently is not expected to begin until at least 2020. The HBSR core comprises 30 HEU fuel assemblies arrayed in an approximately cylindrical geometry (Fig. 5e) .
A reactor cycle is nominally 38 days. The startup usually can be accomplished in about 2 hours, after which the power is maintained at 20 MW for the remainder of the cycle. Variations in the power (about ±2%) are minimized by the automatic movement of a regulating rod. A detailed MCNP model of the core has been used to model power distribution as a function of time and this data is publicly available. Aside from the normal operating schedule there is a longer six-month shutdown planned for mid-2016.
Multiple potential detector locations have been identified within the NBSR confinement building as well as two sites outside and adjacent to the confinement building. The shortest available baseline, allowing for an occupied space of approximately 2.0 m wide by 3.0 m high by 3.5 m long, including shielding, is just outside a segment of the biological shielding at an instrument station designated the "thermal column". The thermal column consists of a heavy water tank (now filled with light water) and graphite block shielding that was previously used as a facility for intense thermal neutron beams. Due to the shielding design, fast neutron backgrounds are expected to be lower in this region than elsewhere in the confinement building. The face of the shielding to the center of the core is approximately 3.5 m. Acceptable floor loading varies from 2,000 lbs/ft 2 near the thermal column to roughly 1,000 lbs/ft 2 at the confinement wall. The far locations are both at baselines of roughly 16 m. All locations are at grade and roughly in-plane with the core. Far locations have no overburden, while near locations are under roughly 50 cm of concrete that comprises the structure of the confinement building.
The location of the near detector is accessible though a loading dock. The area is serviced by a 15 ton radial crane. Limited deployment at the thermal column site for prototyping purposes is possible immediately.
V. EXPECTED BACKGROUNDS AT NEAR-SURFACE RESEARCH REACTOR SITES
The sites detailed in Section 4 have relatively little overburden and will require the operation of detectors close to the reactor core where both fast-neutron, neutron-capture and gamma-ray backgrounds are potentially high. Therefore, both fast neutron and muon fluxes through an unshielded detector are expected to be several orders of magnitude higher than the neutrino detection rate.
In an IBD analysis, background events can manifest in two important ways:
• Neutron-capture Correlated Backgrounds Events involving one or more neutrons, resulting in an inter-event time correlation similar to that observed for IBD. Fast neutrons, for example, can emulate an IBD event through proton scatter and subsequent recoil followed by thermalization and delayed capture. Similarly, multiple neutrons resulting from the same cosmogenic particle may capture at different times, mimicking an IBD event.
• Random Coincidence Uncorrelated Backgrounds Random coincidences involving primarily either neutron recoils, neutron captures, or gamma-ray interactions can mimic an IBD event should they occur with an appropriate energy range and within the average neutron capture time.
The backgrounds that will be encountered at a research reactor site fall into several broad categories, based upon their source and they way in which they manifest in a ν e detector.
A. Reactor Correlated Backgrounds
Locating a detector in close proximity to a reactor core is likely to introduce the special challenge of reactor correlated backgrounds that are likely to vary in time as well as space. At some locations, e.g., NIST, fast neutron backgrounds are dominated by partially thermalized fission neutrons scattered from adjacent experiments. Measurements with calibrated Bonner balls yield a fast neutron flux of 2-3 cm −2 s −1 likely peaked in the 1-2 MeV range. Two segmented Fast Neutron Spectrometers (FaNS) have been developed at NIST and the University of Maryland, and will be used to further characterize fast neutron backgrounds [42] . The FaNS detectors are capture-gated spectroscopy arrays of plastic scintillator and 3 He proportional counters. By demanding a coincidence between a neutron scatter in the scintillator and a neutron capture in the 3 He detectors, an accurate energy spectrum and can be reconstructed. These detectors have been calibrated in mono-energetic neutron fields and have also been used to measure the cosmogenic neutron spectrum at the surface. Both show good agreement with MCNP predictions, including the surface spectrum up to 150 MeV. They are currently being deployed in the NIST reactor building to measure the fast neutron background in situ. Plans are in place to transport at least one of these detectors to the other potential sites.
An example of the gamma-ray background that could be encountered at a research reactor is shown in Fig. 8 . Here, a High Purity Germanium (HPGe) gamma-ray spectrometer has been used to conduct a detailed survey of the potential NIST near detector deployment location. Backgrounds above 2.4 MeV are dominated by thermal neutron capture on reactor and experiment structural and cooling materials, yielding prompt gammas from 16 N and 57 Fe at 6.1 MeV and 7.6 MeV respectively. The reactor correlated component of the gamma-ray background is evident from the comparison of reactor-off and reactoron spectra shown in Fig. 8 . Notably, the 16 N flux shows a clear expected angular dependence consistent with it originating in water filled pipes visible from certain portions of the near detector location. In general, characterization of the spatial and angular variation of such background fields will allow the design of an optimized site-specific passive shield.
B. Natural Radioactivity Backgrounds
In most ν e detectors, gamma, beta, and alpha decay products of the U, Th, and K decay chains present in doped scintillator, PMT glass, and metal building materials surrounding the active detector target can interact with the target scintillator, producing mainly isolated, low-energy triggers. These plentiful triggers can randomly overlap in time with uncorrelated neutron interactions with the target, giving a signal-like time-coincident signature.
These radioactive background triggers can be reduced using now-standard precautions in neutrino physics, such as providing a non-scintillating buffer between PMTs and the detector target, purifying scintillator of radioactive contaminants during scintillator production, and radioas- say of all detector components prior to detector construction.
C. Cosmogenic Backgrounds
Muon rates are high with respect to a typical neutrino detector, with fluxes through the active region of the detector and the shield expected to be on the order of 200 Hz and 1 kHz respectively. Additionally, the hadronic component of the cosmic ray flux will impinge the detector and shielding. As such, backgrounds from neutron spallation (muon induced or direct), muon capture, and production of radioisotopes are of particular concern. Radioisotopes such as 8 He and 9 Li have relatively long half-lives, 119 ms and 178 ms respectively, have Q-values of roughly 10 MeV, and beta-decay to neutron-unstable daughters. The decay of these isotopes can thus closely mimic the IBD of a reactor antineutrino. Rough estimates of production rates are conservatively less than 1000 d −1 , indicating a challenging but tractable background. Further detailed studies are in progress. Both spallation and muon-capture can yield very high energy neutrons originating within the passive shield. Through thermalization and subsequent capture these neutrons mimic IBD events. In addition, multiple neutrons generated by the same initial cosmogenic particle can capture at different times resulting in the same timing profile as an IBD event. Detailed Monte Carlo simulation of these backgrounds is in progress.
VI. DETECTOR CONCEPTS
Performing a precision oscillation measurement within 10 m of a research reactor will be an extremely challenging task. The detector design will have to provide excellent background rejection and support precise calibrations of energy, position, and relative efficiency across the active volume. While recent reactor antineutrino experiments have used cylindrical homogenous liquid scintillator designs, the primary concept being investigated for PROSPECT is a segmented design (Fig. 9) . The basic detector segment comprises an optically isolated scintillator volume readout by PMTs at either end. There are several reasons to pursue this approach. First, the segmentation can provide intrinsic position resolution sufficient for an oscillation measurement in two axes, while relative timing and charge measurements can provide that information along the third (long) axis of the segments. Second, the segmented approach is spaceefficient, requiring optical readout on only 2 or 4 sides, an important consideration in the compact spaces available at research reactors. Third, a segmented design of this type provides the opportunity to control and optimize the optical collection properties of the detector through the choice of aspect ratio and reflector material, which is potentially important for use of the Pulse Shape Discrimination (PSD) background rejection technique. Finally, segmentation provides the ability to reconstruct multi-site event topologies, e.g. identifying back-to-back 511 keV gamma rays from e + annihilation or multiple gamma-rays from a Gd neutron capture cascade, that could be used for signal identification or background rejection.
In addition to the intrinsic capabilities provided by segmentation, the choice of scintillator will also be important. Scintillator loaded with a neutron capture agent is the target material of choice for antineutrino detection as it enhances the time-coincidence signature of the positron annihilation and neutron capture resulting from the Inverse Beta Decay (IBD) interaction. The scintillator dopant increases the neutron capture cross-section, shortens the capture time, and provides a more distinct signal than the single 2.2 MeV gamma ray emitted after neutron capture on hydrogen. Both Gd and 6 Li doped scintillators have been used in past reactor antineutrino experiments. Neutron capture on Gd provides a distinct 8 MeV gamma ray signal above most natural backgrounds, when all of the gamma-ray energy released by the excitation cascade can be captured in the detector volume. However, the leakage of gamma rays near the detector edge can lead to detection efficiency variation and related systematic effects, especially in compact devices like those that will be necessary for operation near a research reactor core. By contrast, the triton and alpha produced in the 6 Li neutron capture reaction have a very short range, resulting in a larger and more uniform detection efficiency in a compact device.
Additionally, the heavy ion products of 6 Li neutron capture can be identified on an event-by-event basis using PSD, providing an unambiguous indication of neutron capture. This can provide stronger uncorrelated gamma-ray rejection than Gd-doped scintillator, as well as rejection of an important multiple neutron time correlated background produced by cosmic-ray muons. Currently, both capture agent options are being actively investigated. Independent of neutron capture agent, PSD can also be used to identify time-correlated proton recoil energy depositions caused by fast neutrons. The particle identification capabilities provided by this technique are likely to play an important role in providing the background rejection required for PROSPECT.
The basic detector segment will be of rectangular or hexagonal cross section to allow a high packing density. Several construction approaches are under consideration. First, each segment could comprise a fully independent liquid-containing structure made from, e.g., acrylic. Liquid-filled segments could then be arranged in an array to form a detector. Good control of the segment structure manufacturing process could assist in defining similar scintillator volumes in each segment, and therefore in controlling relative segment efficiency. The drawback of this approach is that the liquid-containing segment walls introduce considerable inactive material into the detector. Second, optical segmentation of a single larger scintillator volume is also under consideration. This option has many attractive features, including a substantial reduction in inactive material and liquid handling complexity, and potentially increased space efficiency. A central technical challenge of this approach will be the definition of the active volume and total number of target protons of each segment. Finally, the use of solid plastic scintillators is being considered. Although 6 Li doped plastics have recently been developed [43] , it is unclear whether sufficient quantities of such material could be produced for detectors of this scale. Instead, inhomogenous geometries comprising plastic scintillator bars and interleaved Gd layers will be considered. Note that plastics that support PSD are now commercially available [44, 45] . This approach has the advantage of precisely defining the active volume, but at the expense of lower neutron capture efficiency and potentially increased inactive material.
VII. RESEARCH AND DEVELOPMENT EFFORTS
In order to efficiently address the varied challenges discussed in the previous sections, we are developing a significant effort to demonstrate the viability of the proposed experiment and provide the required enabling technologies. Accordingly, the present focus is on demonstrating sufficient background rejection though the development of doped liquid scintillators with good pulse shape discrimination and an optimized shield design, as well as the ability to control and understand variations in detector segment response. Here we discuss the most important aspects of the current R&D efforts.
Development of a suitable liquid scintillator is of central importance. A scintillator that has excellent stability, provides efficient antineutrino detection and background rejection, and has a high flashpoint is required. As mentioned above, we are considering the use of both Gd and 6 Li loaded liquid scintillators, as well as retaining the option of using established plastic formulations. The chemistry to produce stable Gd-loaded scintillators is now well established [46] , so our investigations on this option will focus upon optimization of PSD performance. This will be achieved through examination of a variety of fluor and wavelength-shifter combinations. In addition to studies of this type, we are developing compounds and techniques to support 6 Li loading in high flashpoint solvents. Significant recent progress has been made within the collaboration in this area [43, 47] . The long term stability, light yield, and neutron response of 6 Li loaded scintillators are under investigation.
A number of background rejection techniques are being considered. Based upon the experience of past efforts attempting reactor antineutrino detection with little overburden, we expect particle identification techniques to play an important role. In addition to the scintillator effort, PSD performance will also be considered during detector segment development. Segment geometry, reflector and PMT selection, and DAQ design will be influenced by the need for good PSD performance (see, e.g., [48, 49] ). The background rejection capabilities accompanying various detector segmentation styles, in terms of providing detailed event topologies and accommodating good PSD performance, are being studied via simulation. Prototype liquid scintillator-filled cells of ≈ 1 m length are under development that will allow for validation of simulations and experimental testing of various scintillator and reflector options. Prototypes of solid plastic geometries are also under development. Here, neutron capture efficiency, optical transport, inactive material, and channel count are central considerations.
Well-optimized passive shielding will be needed in addition to the active background rejection techniques discussed above. In practice, the amount of shielding that can be used is limited primarily by constraints on space and weight. Fast neutrons below a few MeV and thermal neutrons can be sufficiently suppressed with careful design. For example, a factor of 10 −6 suppression of neutrons at 1 MeV can be attained with ≈ 0.6 m of polyethylene, while hermetic boron-loaded shielding efficiently eliminates thermal neutrons. Attenuation of prompt neutron-capture gamma-rays requires high-Z materials such as lead. Optimization of such shielding based on GEANT and MCNP models, subject to realistic space and weight constraints, is currently well underway. For example, a preliminary design weighing roughly 24,000 kg and consisting of layered 5% borated-polyethylene, lead, and 5% lithiated-polyethylene performs well in the estimated background environment at the NIST reactor site. As additional quantitative data on background fluxes at each site becomes available, site-specific configurations will continue to be developed and optimized.
As with all precision experiments, calibration is an essential component of the development program. The oscillation analysis will require an excellent understanding of the relative efficiency between detector segments. Since the techniques used to determine this quantity will depend upon the detector design (e.g., optical versus physics segmentation of scintillator volume), a number of approaches are being investigated. Techniques for the precise measurement of the volume of scintillator transferred to a detector are now well-established [50] . As an alternative, we are also investigating the precision metrology of segment volumes prior to scintillator filling. We must also determine the relative antineutrino detection efficiency of the detector segments from expected PSD, timing, and energy cuts. Threshold effects can be controlled via a good understanding of relative energy scale. As demonstrated in recent oscillation experiments such as Daya Bay [51] , neutron captures and various alpha and gamma-rays emissions from intrinsic radioactive backgrounds can be used for this purpose. The continuous energy spectrum provided by short-lived beta emitters, whether cosmogenic or introduced deliberately in small concentrations into the scintillator volume, could also provide a useful energy calibration source. The efficiency of positron and neutron selection cuts can be studied using external gamma and tagged neutron sources.
Measurement of the antineutrino energy spectrum emitted by an HEU-fueled research reactor will require additional precise calibration of the absolute energy scale. This must account for non-linear effects arising during light production in the scintillator and in processing of signals by the detector electronics. The absolute energy scale calibration can be achieved using background or external sources, as mentioned above. Beta emitters could be particularly useful in this instance, since the continuous energy spectrum can span a wide energy range and the comparison of measured and predicted shapes can be used to test detector response models. Extensive characterization measurements of the scintillator, including measurements of the Birks parameters over a wide energy range, light absorption and re-emission characteristics, as well as dedicated measurements of electronics non-linearity, will also be required to develop such detector response models. In all of the cases mentioned above, simulation studies will be used to investigate the application of these techniques to a segmented scintillator detector.
VIII. CONCLUSION
The PROSPECT experiment, consisting of segmented scintillating detectors deployed at short baselines from a US-based research reactor, can provide precision measurements of the reactor antineutrino spectrum and probe anomalous electron neutrino disappearance results by searching for relative spectral distortion as a function of baseline. A focused research and development program is underway to characterize potential experimental locations and demonstrate that the required level of background rejection can be achieved. In addition to providing a definitive test of the "reactor anomaly", such an effort will provide a unique measurement of the 235 U reactor antineutrino spectrum for use in improving reactor flux predictions. Furthermore, the detection technology developed to allow operation of antineutrino detectors near-surface will provide a revolutionary reactor safeguards capability, enabling the deployment of monitoring detectors at a much broader range of locations for future non-proliferation efforts.
